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We demonstrate that transparent magnesium aluminate spinel ceramic possesses excellent thermo-opti-
cal properties, a record low absorption loss of 6 ppm/cm, and superior ruggedness which position it as a
prime candidate for an exit window aperture for high energy laser systems, especially in hostile environ-
ments. We also demonstrate lasing with an efficiency of about 45% in transparent Yb**:Y,05; ceramic
made by hot pressing high purity submicron co-precipitated powder. This paves the way forward for high
power solid state lasers exploiting hosts with higher thermal conductivity than YAG.
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1. Introduction

High-energy laser (HEL) systems have unique material require-
ments for both the lasing medium and the exit aperture window.
The role of the exit aperture is to isolate the lasing medium from
the environment and provide protection, without compromising
the light propagating through the window. When a high-energy
beam transmits through a window material, a part of the laser en-
ergy is absorbed by the material and causes optical aberrations.
This absorbed energy results in material heating in the local ex-
posed region changing its refractive index based on the materials
thermo-optic coefficient (dn/dT), thermal expansion coefficient
and stress optic coefficient. These changes result in beam distor-
tion and loss of output power, measured as optical path distortion
(OPD), which has a severe impact on system performance. Ideally,
the window should possess low absorption loss and be environ-
mentally rugged and strong. The latter enables thinner windows,
thereby lowering the weight and further reducing the absorption
loss and OPD. Until now, this role has been limited to glasses. For
HEL systems operating in the SWIR (1-2 um) wavelength region,

* Corresponding author.
E-mail address: jasbinder.sanghera@nrl.navy.mil (J. Sanghera).

0925-3467/$ - see front matter Published by Elsevier B.V.
doi:10.1016/j.optmat.2010.10.038

the materials of choice are limited to just a few, including exam-
ples such as fused silica and oxyfluoride (OFG) glasses [1]. Some
of the HEL systems are expected to operate in harsh environmental
conditions where fused silica and OFG glasses will not survive, and
so rugged windows are required. We have developed transparent
magnesium aluminate spinel (MgAl,0,4) ceramic as a rugged win-
dow and dome material for protecting EO/IR sensors operating
from the UV to the mid-IR [2]. This paper summarizes the results
of our development efforts for spinel as a window for HEL systems.

There are three main high energy lasers systems, namely: gas
lasers, free-electron lasers and solid state lasers. The first two pos-
sess a very large footprint making mobility a key issue. On the
other hand, solid state lasers have significantly smaller footprints
and have potential for enhanced mobility. Examples of these in-
clude slab, rod and disk type of lasers based on rare earth doped
crystals. An example is the Nd*":YAG (yttrium aluminum garnet)
laser which is based on a single crystal of YAG doped with Nd**
ions. More recently, ceramic Nd*":YAG has been fabricated and
used to demonstrate 67 kW [3] and >100 kW [4,5] of output power
at 1.06 pm, respectively. This remarkable result has been attrib-
uted to the high optical quality ceramic made by vacuum sintering
of high purity powder by Konoshima Chemical Company in Japan
[6]. Sintering enables fabrication of ceramics at approximately
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two-thirds of the melting temperature and avoids high tempera-
ture melting issues such as crucible contamination, chemical inho-
mogeneity due to volatilization, cracking due to thermal gradients,
and inhomogeneities in the rare earth ion dopant concentration. In
addition, this process is amenable to fabrication of high optical
quality ceramics with controlled and graded dopant concentra-
tions as well as undoped claddings for better thermal management
[7]. The low temperature aspect of this process allows one to make
ceramics from potentially better laser host materials than YAG
which might be difficult to grow as single crystals. One example
is Yb>* doped Y,03 which has excellent potential as a laser material
for high power lasers operating at 1 um [8]. Yb>* can be easily
pumped with commercial high power diode lasers near 940 nm
or 976 nm and has a low quantum defect for laser emission near
1080 nm. This low quantum defect coupled with the high thermal
conductivity of Y,03 will result in decreased thermal loading dur-
ing high laser power operation. However, making large crystals
using traditional crystal growing is a problem. This is associated
with the high melting point of Y,03 (>2400 °C) leading to crucible
interactions and impurity contamination, while the high tempera-
ture phase transition at ~2200 °C leads to strain and cracking.
These problems can be overcome by making a polycrystalline cera-
mic using the low temperature ceramization process. We report
lasing in transparent Yb®>" doped Y,0s; ceramic made by hot
pressing.

2. Experimental
2.1. Spinel ceramic

Transparent spinel ceramic was made from high purity powder
synthesized using aqueous chemical methods. The 5 x 9’s pure Al
and Mg chloride were mixed together to form a homogeneous
solution at 80 °C. Ammonium hydroxide was added dropwise to
the solution to form a precipitate that was subsequently filtered,
washed with water and then acetone, and baked to dry. The pow-
der was then calcined at 600 °C to convert to magnesium alumi-
nate spinel.

Ceramic spinel was made by hot pressing ball milled spinel
powders at 1400-1650 °C for 2-4 h using a uniform coating of a
small amount of LiF sintering aid that was eliminated by evapora-
tion prior to full densification. The hot-pressed samples were
transparent, with densities greater than 99% of theoretical. The
samples were subsequently hot isostatically pressed (HIP) at
1600 °C for 2 h under an Ar gas pressure of 30,000 psi to produce
fully dense and transparent ceramics. The samples ranged in size
from 5 cm in diameter and 6 mm thick, to larger samples (15 cm
diameter) from which smaller samples were cut, ground and pol-
ished for many of the measurements. High damage threshold
anti-reflective (AR) coatings (SiO,/ZrO,) were applied to the sur-
face of polished 5 cm diameter samples using dc-magnetron sput-
tering [9]. The versatility of the ceramization process was
demonstrated by making a large 10 in. diameter transparent spinel
ceramic sample which was also coated with low loss broadband AR
coatings.

2.2. Yb** doped Y,05 ceramic

The commercial Yb3* doped Y,05 powder contains many chem-
ical impurities, whose concentration varies from lot-to-lot and also
within a given lot. This leads to poor sintering and causes high
absorption and scattering losses. Therefore, we prepared high pur-
ity Yb>*:Y,05 powder by co-precipitation using an aqueous pro-
cess. In this case, the individual nitrates (5 x 9’s purity) were
dissolved in de-ionized water to form a mixed nitrate solution con-

taining Y>* and Yb** ions. Ammonium hydroxide solution was
added to the nitrate solution to co-precipitate the mixed hydrox-
ides which were subsequently filtered, washed with water and
then acetone, dried and finally calcined at 600 °C to convert to
Yb>*:Y,03 powder. Most of the results reported in this paper refer
to a concentration of 2 mol% Yb>* relative to Y3*, although we did
make powder and ceramics with different concentrations of Yb*",
Ceramic Yb3*:Y,05 was made by hot pressing ball milled pow-
ders at 1550 °C for 2 h, also using a uniform coating of a small
amount of LiF sintering aid that was eliminated by evaporation
prior to full densification. The hot pressed powder was partially
transparent with a density of approximately 99% and was subse-
quently hot isostatically pressed (HIP) to produce transparent
Yb3*:Y,03 ceramic. The hot pressing and HIP procedures were per-
formed well below the melting point of 2400 °C and the phase
transition temperature of ~2200 °C associated with Y,0s3.

2.3. Characterization

The crystal phase, morphology and purity of the powders and
ceramics were characterized using X-ray diffraction, scanning elec-
tron microscopy, and glow discharge mass spectroscopy. Addition-
ally, the powder surface area was measured using microporismetry
(BET method).

Transmission measurements on polished ceramics were per-
formed using UV-vis and FTIR spectrometers and refractive indices
were measured using ellipsometry (J. Woollam and Co.). The
absorption loss of the bulk spinel and the AR coatings was mea-
sured using the photo-thermal common path interferometric tech-
nique [10].

The thermo-optic coefficient (dn/dT) and stress optic coefficient
were measured using Fizeau interferometer [11,12] at 1.3 pm and
optical retardation under uniaxial load [13], respectively. Densities
were measured using the Archimedes method, Vickers hardness
was measured using a diamond tip micro indentor at a 200 g load,
and Young’s modulus and Poisson ratio were measured using im-
pulse excitation of vibration method [14]. The fracture strength
was measured using polished rods with dimensions of
3 x 4 x 45 mm using a standard four point bend test at University
of Dayton Research Institute, OH. Thermal expansion coefficient of
1 in. long rods was measured using a dilatometer from room tem-
perature to 200 °C. The heat capacity was measured using a differ-
ential scanning calorimeter [15], and the thermal conductivity was
calculated from the measured thermal diffusivity [16].

Rain and sand erosion tests were performed on polished spinel
samples. The rain erosion tests were conducted at 600 mph for a
duration of 20 min using 2 mm rain droplets, flowing at 6-7 drop-
lets/s, and impinging on the surface of the samples at 90°. The sand
erosion tests were performed at 460 mph for 20 min using sand
particle sizes in the range of 88-105 um, with a mass/load ratio
of 0.02 g/cm?, and impinging the sample surface at 90°.

AR coated samples were characterized using visible-IR spectros-
copy, MIL-C-675C Adhesion Test and MIL-C-48497 Severe Abrasion
Test. White light interferometry and atomic force microscopy
(AFM) were used to characterize the surface roughness of polished
samples and the AR coated surfaces.

The fluorescence lifetime of the Yb®*:Y,05 powder and ceramic
was measured by pumping at 940 nm using a low power diode
laser.

2.4. Laser oscillation

Small 3 mm diameter samples of 2% Yb3*:Y,0; ceramic were
obtained by core drilling the large samples. Both surfaces were pol-
ished to a high optical quality (<2 nm rms surface roughness). One
surface was coated for high reflectivity (>99.9%) at 1076 nm in
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order to form the input coupler of the laser cavity mirror. This sur-
face was also coated for high transmittance at 940 nm, the pump
wavelength. An anti-reflective coating for 1076 nm was applied
to the sample’s other surface. The sample was wrapped along its
circumference with a thin piece of indium foil and inserted into a
copper heat sink that was cooled with chilled water to a tempera-
ture of 15 °C.

A fiber-coupled 940 nm diode laser (LIMO GmbH) with a max-
imum output power of 20 W was used as a pump. The pump beam
was collimated and then focused to a spot with a diameter of
approximately 280 pm. A dielectric mirror with a radius of curva-
ture of 25 cm was placed approximately 1 cm from the output sur-
face of the sample to act as the laser’s output coupler. Several
mirrors, with reflectivities ranging from 90% to 99% at 1076 nm
were tested in order to find the optimum output coupling.

In order to characterize the Yb®*:Y,05 laser in CW mode, con-
stant current was applied to drive the pump diode. A square wave
with a frequency of 127 Hz and a 50% duty cycle was used to drive
the pump diode to characterize the laser in quasi-CW mode. The
absorbed pump power, measured by placing a power meter be-
yond the pump’s focus, was assumed to be the difference between
the powers with and without the Yb3*:Y,053 sample and the appro-
priate filters in place. The output power was measured by placing a
calibrated pyroelectric detector, with appropriate filters attached,
beyond the output coupler. The spectral characteristics of the laser
were measured with an optical spectrum analyzer.

Pulsed lasing experiments were also performed on the same
ceramic sample. The sample was placed in a 27.5 cm long laser
cavity using an output coupler reflectivity of 95% with a radius of
curvature 30 cm. The pump laser operated at 936 nm with a repi-
tition rate of 10 Hz and pulse width of 1 ms.

3. Results and discussion
3.1. Spinel ceramic

Spinel powder synthesized by the aqueous process produced
approximately 100-200 nm crystallites (Fig. 1) with excellent
phase purity as highlighted by X-ray diffraction analysis (Fig. 2)
and chemical analysis (Table 1). Compared to commercial powder,
the impurity content is several orders of magnitude lower. The sur-
face area of the synthesized powder was 25 m?/g compared with a
range of 10-30 m?/g for commercial powder.

The ceramics made from our powder exhibit excellent visible
and infrared transparency. Fig. 3 shows an uncoated 5 cm diameter
window and a 10 in. diameter window coated with broadband AR
coatings. Fig. 4 shows the transmission spectrum compared with
silica glass and sapphire, and highlights the superior infrared

Fig. 1. SEM picture of spinel powder synthesized at NRL.
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Fig. 2. X-ray diffraction pattern for synthesized spinel powder.

Table 1
Chemical analysis of commercial spinel powder
and powder synthesized at NRL.

Commercial NRL powder
powder (ppm) (ppm)

F 1000 <5

Na 500 3.5

Si 475 10

P 125 1.1

Cr 175 2.7

Fe 715 3.5

Ni 90 <0.5

Y 140 25

Zr 1400 1.5

Ce 365 0.70

transmission of spinel. The grain size ranges from about 100 pm
to 25 um for samples densified at 1650 °C to 1500 °C, respectively.
While the transmission was unaffected by grain size since the grain
boundaries are relatively clean, the strength was improved from
180 MPa to 350 MPa. This improvement is consistent with the
Hall-Petch equation which relates strength inversely to the square
of the grain size [17]. Further improvements in processing could
lead to smaller grains and potentially higher strengths. We also ex-
pect improvements in the surface polishing process to enhance
strength.

Table 2 compares the physical properties of spinel with fused
silica and OFG glass. All the properties of spinel were measured
at University of Dayton Research Institute except for the absorp-
tion coefficient which was measured at the Naval Air Warfare
Center (NAWC). Physical properties of OFG glass were obtained
from the website of Infrared Fiber Systems [18] and Billman
et al. [19]. Properties of fused silica were obtained from the litera-
ture [20] and Browder et al. [21]. In comparison with fused silica,
spinel has comparable absorption coefficient, is about >2.5x hard-
er, 7x stronger and has about 10x higher thermal conductivity. In
comparison with the OFG glass, spinel has about 10x lower
absorption coefficient, is >3.5x stronger and harder and has about
20x higher thermal conductivity. For airborne applications, the
resistance to thermal shock becomes very important. Conse-
quently, we have calculated the figure of merit for thermal shock
(FOM-TS) [22]:

FOM-TS = S - k(1 — v) /ot - E (1)

where S is the strength, k is the thermal conductivity, v is the Pois-
son’s ratio, o is the thermal expansion coefficient and E is the
Young's modulus. We have calculated values for the FOM-TS using
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Fig. 4. Transmission spectrum of silica glass, sapphire and spinel ceramic.

values for the appropriate properties shown in Table 2. While silica
has a high resistance to thermal shock attributed to its very low
thermal expansion coefficient, the OFG glass has poor resistance
to thermal shock, mainly attributed to its high thermal expansion
coefficient. Spinel has higher resistance to thermal shock than silica
glass, and more than 40 times higher than OFG glass. OFG glass,
being an oxyfluoride, also has potentially inferior chemical and
environmental durability compared with silica glass and spinel [23].

Rain and sand erosion tests performed on spinel ceramic were
100% successful. The spinel samples were able to withstand impact

J. Sanghera et al. /Optical Materials xxx (2010) XxX—XxX

(b)

Fig. 3. (a) An uncoated 5 cm diameter spinel window and (b) a 10 in. diameter spinel window coated with broadband AR coatings, respectively.

from rain droplets at speeds up to 600 mph and sand particles at
speeds up to 460 mph without damage, without surface pitting
and no change in transmission, unlike glass which exhibits consid-
erable damage.

Initial spinel samples made using commercial powders had very
high absorption losses due to impurities. Consequently, we devel-
oped an aqueous synthetic route for making higher purity spinel
powders. This has resulted in a record low absorption loss of
6 ppm/cm at 1.064 um (Fig. 5).

The performance of a window material in an HEL environment
can be predicted using a figure of merit (FOM) [24]. The FOM for
optical path distortion (OPD), expressed as FOM(OPD), is a combi-
nation of figure of merits for thermal distortion FOM( ), tempera-
ture rise FOM(AT) and thickness FOM(L). Window materials with
low FOM(OPD) are desired for better HEL performance:
FOM(OPD) = FOM(y) - FOM(AT) - FOM(L) (2)

The three FOM'’s are expressed as:

FOM(y)=(n—1)-(1+V)-CTE+dn/dT +n?-Y-CTE- (q;; +q12)/4

3)
FOM(AT) = a(p - Cp) 4)
FOM(L) = /((3+V)/Omax) (3)

where n is refractive index, v is Poisson’s ratio, CTE is coefficient of
linear thermal expansion, dn/dT is thermo-optic coefficient (change
in refractive index as a function of temperature), Y is Young’s mod-
ulus, qq1, qq2 are stress optic coefficients in directions parallel and
perpendicular to the load, respectively, « is absorption coefficient,
p is density, C, is heat capacity at constant pressure, and omax is

Table 2

Comparison of the optical, mechanical and thermal properties of spinel with fused silica and OFG glass.
Property measurements Fused silica OFG glass SPINEL
Optical
Absorption coefficient (ppm cm™! at 1.06 pum) 10 75 6
Refractive Index (at 1.06 pm) 1.45 1.45 1.707
dn/dt (K" at 1.3 pm) 12x10°° ~92x10°¢ 23 x 1075
Stress optic coefficient (Pa™!) 34x10°13 41x1013 3x10°13
Mechanical
Density (g/cm?) 2.2 3.75 3.58
Poisson’s ratio 0.17 0.31 0.26
Hardness (kg/mm?) 600 500 (est) 1645
Fracture strength (MPa) 50 102 350
Young's modulus (GPa) 74.5 69.6 282
Thermal
Thermal expansion coeff. (K~1) 0.5x10°¢ 149 x 107 59 x 1076
Thermal capacity G, (J/g/K) 0.74 0.67 0.604
Thermal conductivity (W/m K) 1.38 0.7 13.407
Figure of merit for thermal shock (FOM-TS) 1537 47 2086

" at 633 nm.
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Fig. 5. Absorption coefficient of spinel at a wavelength of 1.06 pm.

fracture strength. The FOM(OPD) was calculated using the physical
properties from Table 2 and is plotted in Fig. 6. The FOM(OPD) of
spinel is about half of that for commercial grade fused silica and
comparable to ultra-high purity silica. Since it has significantly bet-
ter environmental ruggedness, this makes spinel an excellent candi-
date for a high energy laser window, especially those operating in
hostile environments. The FOM(OPD) of spinel can be further im-
proved by increasing its strength. A stronger window will impact
the thickness FOM(L), thereby reducing the window thickness.
Higher strengths will also manifest into lighter windows, key in air-
borne applications.

The FOM(OPD) of OFG glass is low because of its negative dn/dT,
but it has very poor thermal conductivity and a large CTE. This
manifest into a 40x lower thermal shock resistance than spinel,
and so poses potential problems for airborne applications.

Hard, abrasion resistant and low absorption loss anti-reflection
coatings are needed for HEL applications to reduce the Fresnel reflec-
tion losses which are about 6.5% per face. The broadband coatings
were designed for the visible, 1.06 pm and 1.45-1.65 pm and were
applied to both surfaces on 5cm diameter spinel samples. The
reflectance spectrum is shown in Fig. 7. Coatings were also applied
which reduced the reflection loss from 6.5% to <0.1% per surface at
1.06 pm. Metrology was performed on the AR coated spinel sub-
strates to fully characterize the coatings. The results, as summarized
in Table 3, demonstrate that the AR coatings are rugged and have a
relatively low absorption loss of 65 ppm. These coatings were also
deposited on a large 10 in. diameter spinel window made from
commercial powder (shown in Fig. 3).

3.2. Yb** doped Y-0; ceramic

Precipitation followed by calcination at 600 °C produced a pow-
der with submicron particle size (Fig. 8) and about two orders of
magnitude lower impurity content (Table 4). The structural phase
was confirmed using X-ray diffraction analysis. A slight shift in the

25
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0.0 D

Fused Silica OFGGlass SPINEL High Strength Spinel

Fig. 6. The figure of merit for optical path distortion, FOM(OPD) comparing spinel
ceramic with silica and OFG glass. The expected FOM(OPD) for spinel is based on a
higher strength ceramic obtained using a smaller grain size.
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Fig. 7. The measured reflection loss for a 5cm diameter spinel ceramic with
broadband AR coatings designed for the visible, 1.06 pm and 1.45-1.65 pm.

Table 3
Metrology performed on the AR coated spinel ceramic.
Property Method Results
Adhesion Mil-C-675C Pass
Abrasion Mil-C-48497 Pass
Surface Atomic force microscopy (AFM) <2 nm
roughness
Absorption Photo-thermal common path 65 ppm/cm at
coefficient interferometry (PTCPI) 1064 nm

Fig. 8. SEM image of submicron 10% Yb*" doped Y,03; powder made by precipi-
tation followed by calcination at 600 °C.

Table 4
Chemical analysis of commercial Yb:Y,05; powder and
powder synthesized at NRL.

Element Commercial (ppm) NRL (ppm)
B 500 0.75
Si 185 19
P 60 6.0
S 1600 5.5
Cl 10,000 10
Fe 610 6.5
Zn 52 <0.2
La 50 1.2
Ce 30 0.2
Nd 29 0.15
Eu 322 1.0
Gd 1700 0.25
Tb 10 0.11
Er 1.5 0.56
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Fig. 10. A picture of a 1 in. diameter 2% Yb>* doped Y,03 transparent ceramic.

lattice parameters was observed on doping Yb>* in Y,05 attributed
to the small difference in the cation size. The shift was more pro-
nounced for a 10% Yb>" doped Y05 powder (Fig. 9).

The density of a 2% Yb doped ceramic sample was 5.11 g/cm?,
which is in excellent agreement with 5.11 g/cm® based on first
principle calculations using a density of weighted mixtures of
Y,05 (5.03 g/cm?) and Yb,03 (9.17 g/cm?). The refractive index in-
creases with Yb®* addition, presumably due to the higher polariz-
ability of the Yb®* ion compared with the Y** jon. For example,
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Fig. 11. Picture and schematic of a ceramic composite.

the refractive indices of Y,03 and 2% Yb doped Y,0O5 are 1.8831
and 1.8857, respectively, at a wavelength of 1 um. The fluores-
cence lifetime of the 2% Yb>* doped ceramic was 1 ms and same
as the powder used to make the ceramic. This bodes well for mak-
ing a laser since it implies that the ceramization process did not ad-
versely impact the rare earth ion sites. Fig. 10 shows a picture of
the transparent ceramic. Additionally, 1in. diameter composite
ceramic samples containing five-layers were prepared as shown
in Fig. 11, where the thickness of each layer was approximately
1 mm. The ability to use undoped ceramic endcaps enables control
of thermal loads on the endface. Furthermore, grading of the rare
earth ion dopant profile will result in more uniform absorption
along the length providing uniform gain and better thermal control
in the gain medium. The spatial profile of Yb** was obtained by
detection of the green upconversion fluorescence on pumping at
940 nm. Results demonstrated that inter-diffusion of Yb®* ions
was less than 100 pm at the temperatures used to make the
ceramics.

Fig. 12 shows the absorption and emission spectra for the 2% Yb
doped Y,0s ceramics. The spectra highlight the convenience of
diode pumping at about 940 and 980 nm, and potential for lasing
at around 1030 and 1080 nm, respectively.

Fig. 13 shows the laser output power at 1076 nm obtained using
CW pumping at 940 nm on uniformly doped 2% Yb®*:Y,05 ceramic
samples which were about 2 mm thick and 3 mm in diameter. Up
to 600 mW output power was demonstrated with a slope effi-
ciency of 36.7% using a 2% output coupler. A slope efficiency of
44.6% was demonstrated using a 5% output coupler. In order to
estimate losses within the ceramic, the method of Findlay and Clay
[25] was applied. The calculated roundtrip loss for this sample was
approximately 4%. The preliminary results for a five layer compos-
ite ceramic are also shown in Fig. 14. The slope efficiencies were
4.1%, 5.8% and 7.5% using output couplers of 1%, 2% and 5%, respec-
tively. These efficiencies can be increased with improved process-
ing. The calculated round trip loss for this sample, like that of the
single component sample, was approximately 4%. In addition,
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Fig. 12. (a) The absorption and (b) emission spectra for the 2% Yb®* doped Y,05 ceramics.
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Fig. 15. Pulsed lasing results for the 2% Yb>*:Y,03 doped ceramic samples. Lasing
occurred at 1077 nm with a slope efficiency of 46%.

pulsed lasing experiments were performed on similar 2% Yb>*:Y,03
doped ceramic samples. Lasing occurred at 1077 nm with a slope
efficiency of 46% (Fig. 15). Both the CW and pulsed lasing results
represent the first demonstration of lasing using hot pressed
Yb3*:Y,05 ceramic materials.

4. Conclusions

Spinel is a rugged ceramic material which transmits from the
UV to 5 um and could be used as an exit aperture for HEL systems.
However, spinel made from commercial powder exhibits high
absorption losses due to extrinsic impurities. So we have devel-
oped an aqueous process to make high purity spinel powders.
Ceramic samples made from these powders demonstrated a record
low absorption loss of 6 ppm/cm at 1.06 um. We also developed
and demonstrated rugged and low absorption loss AR coatings.
The spinel ceramic was fully characterized and identified as an
excellent candidate for HEL window applications, especially in hos-
tile environments. It is more than three times stronger and harder
than glass, with >10x higher thermal conductivity and with up to
40x higher thermal shock resistance.

To date, laser quality Yb:Y,03 ceramic has only been previously
made using vacuum sintering. However, we report, for the first
time, lasing in hot pressed Yb®*:Y,03 ceramic made from co-pre-
cipitated powder. The ceramic lased in both cw and pulsed mode
with approximately 45% slope efficiency. Additionally, we demon-
strated preliminary lasing in a five-layered composite containing
undoped endcaps. Future work is aimed at lowering the scattering
losses which will increase the laser slope efficiency to >80%. This
work also paves the way forward for engineering geometries for
better thermal management compared with their single crystal
counterparts in materials with higher thermal conductivity than
YAG.
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